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MacoNPV-96B is a nucleopolyhedrovirus isolated from naturally infected Mamestra configurata (Lepidoptera: Noctuidae)
larvae. It was initially identified due to its completely different restriction endonuclease profile relative to the previously
sequenced Mamestra configurata virus MacoNPV-90/2 (Q. Li, C. Donly, L. Li, L. G. Willis, D. A. Theilmann, and M. Erlandson,
2002, Virology 294, 106–121). The MacoNPV-96B host range and virulence were also found to differ significantly from those
of the previous isolate. To further understand the complex of viruses infecting M. configurata, the genome of MacoNPV-96B
was completely sequenced and analyzed in comparison with the genome of MacoNPV-90/2 and other sequenced baculo-
viruses. MacoNPV-96B consists of 158,482 bp, and 168 open reading frames (ORFs) of 150 nucleotides or longer with minimal
overlap have been identified. The genome of MacoNPV-96B is 3422 bp larger than MacoNPV-90/2 and although gene
arrangement is virtually identical, there are 9 ORFs unique to MacoNPV-96B and 10 unique to MacoNPV-90/2. bro genes
were found to be associated with nonhomologous regions, suggesting that bro genes may facilitate recombination between
genomes. A major difference in the gene content between the two viruses is a 5.4-kb insert in MacoNPV-96B, which is highly
homologous to a cluster of Xestia c-nigrum granulovirus (XecnGV) ORFs, suggesting recent recombination events between
these two viruses. Nucleotide sequence and amino acid sequence identity between the common ORFs of MacoNPV-96B and
MacoNPV-90/2 average 87 and 90%, respectively. The sequence data suggest that MacoNPV-96B and MacoNPV-90/2 are
closely related but have diverged and evolved into two separate species. This is the first study to identify highly related but
separately evolving viruses in the same insect host and geographic location. A new Identity-GeneParityPlot analysis wasINTRODUCTION
Baculoviruses are a family of viruses with circular,
covalently closed, double-stranded DNA genomes of 80–
180 kb (Blissard et al., 2000). The rod-shaped virions of
baculoviruses are occluded into a crystalline protein
matrix, or occlusion body. The family is divided into two
genera, nucleopolyhedrovirus (NPV) and granulovirus
(GV). Baculoviruses are pathogenic for arthropods,
mainly insects of the Lepidoptera, Hymenoptera, and
Diptera and have been investigated because of their
potential as biological control agents of agricultural and
forest pests. NPVs have also been used as expression
vectors of heterologous genes (Pennock et al., 1984;
Smith et al., 1983). Recently, the potential use of baculo-
viruses as gene therapy vectors has been proposed
(Hofmann et al., 1995).
The bertha armyworm, Mamestra configurata, is an
important pest of cruciferous oilseed crops in western© 2002 Elsevier Science (USA)
All rights reserved.
226Canada. Understanding the complex of natural patho-
gens that control populations of M. configurata is
essential for developing ecologically sound methods
of insect management. NPVs have been isolated from
wild M. configurata populations and have been char-
acterized using their genomic restriction endonucle-
ase (REN) profile and biological properties such as
virulence to bertha armyworm (Erlandson, 1990). Re-
cently we reported on the complete genome analysis
of one of these isolates, M. configurata nucleopolyhe-
drovirus isolate 90/2 (MacoNPV-90/2), which repre-
sents the predominant genotype of native isolates (Li
et al., 1997). In this study a second genotype, Ma-
coNPV-96B, which was originally identified on the ba-
sis of a significantly different genomic REN profile and
a broader host range. To determine the genetic basis
of the diversity in the biological properties of different
viral isolates from bertha armyworm, we sequenced
the genome of MacoNPV-96B and compared it to the
predominant genotype MacoNPV-90/2 and other bac-developed to perform a comparison of two viral genomes
individual ORFs. © 2002 Elsevier Science (USA)
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0042-6822/02 $35.00e content and arrangement as well as homology level of
ulovirus genomes. Our results show that MacoNPV-
96B and MacoNPV-90/2 are closely related but havein gen
diverged into two distinct species even though they
both infect the same host, M. configurata.
RESULTS AND DISCUSSION
The MacoNPV-96B virus along with numerous other
isolates was originally collected from southern Alberta,
during a major outbreak ofM. configurata in 1996 (Fig. 1).
Preliminary screening of these isolates by comparing
REN profiles showed that the majority of the viruses had
a profile that was very similar to MacoNPV-90/2, the
isolate whose genome we previously sequenced (Li et
al., 2002). However, the REN profile of a single isolate
MacoNPV-96B was significantly different from that of
MacoNPV-90/2 (Fig. 2). Due to the significantly different
REN profile of MacoNPV-96B, bioassays were performed
to determine whether there were any biological differ-
ences in comparison to the archetype virus MacoNPV-
90/2. The results of the feeding droplet bioassays with
neonate larvae showed that MacoNPV-96B was less
virulent for M. configurata, having a LD50 that was four-
fold higher than MacoNPV-90/2 (Table 1A). In additional
neonate larval bioassays the LD50 values ranged from
2.0- to 4.5-fold higher for MacoNPV-96B than MacoNPV-
90/2 (data not shown). In a second set of bioassays the
two viruses were administered to third-instar larvae us-
ing the alternate hosts Spodoptera exigua and Tricho-
plusia ni, as well as M. configurata. Again MacoNPV-96B
was less virulent for M. configurata, having a LD50 that
was 1.5-fold higher than MacoNPV-90/2 (Table 1B). In
contrast, MacoNPV-96B was more virulent in S. exigua
and T. ni with LD50 for MacoNPV-96B being eight- and
twofold lower than those for MacoNPV-90/2, respectively
(Table 1B). Therefore the effective host range of
MacoNPV-96B appears to be broader than that of
MacoNPV-90/2. To understand the complex of viruses
infecting M. configurata and to determine the molecular
basis of the biological differences between the viral
isolates, we sequenced the MacoNPV-96B genome and
compared it to the genome structure of MacoNPV-90/2
and other baculovirus genomes.
Nucleotide sequence of the MacoNPV-96B genome
The genome of MacoNPV-96B contains 158,482 bp,
with a G  C composition of 40%. To date, the genome
sequences of 13 baculoviruses have been published
(Table 2). Except for the mosquito baculovirus Culex
nigripalus NPV (CuniNPV) (Afonso et al., 2001), all are
lepidopteran baculoviruses. Among the baculoviruses,
Plutella xylostella granulovirus (PlxyGV) has the smallest
genome sequenced to date (101 kb). MacoNPV-96B is
third largest baculovirus genome sequenced to date,
with only the Lymantria dispar MNPV (LdMNPV) (161 kb)
and XecnGV (179 kb) genomes being larger.
A total of 375 open reading frames (ORFs) of 150 bp or
longer, starting with an ATG, was detected in MacoNPV-
96B genome. Of these, 168 ORFs (Fig. 3) had minimal
overlap with adjacent ORFs or homologous repeat (hr )
regions, or showed significant homology to genes in
GenBank. Shown in Table 3 are the characteristics of the
168 MacoNPV-96B ORFs, including size, orientation, pro-
moter elements, and the homology level to the genes of
the previously sequenced M. configurata baculovirus,
FIG. 1. Pheromone trap collection data of M. configurata during the 1996 outbreak in the Canadian prairies showing the location of sites where
MacoNPV viruses were isolated and the corresponding densities of adult moths. The isolate names are shown. The 96B isolate for which the
sequence is reported in this study is highlighted. The location where the previously sequenced archetype virus the MacoNPV-90/2 virus (Li et al.,
2002), which was isolated in 1990, is also highlighted. All the isolates shown except MacoNPV-96B had a restriction profile that was the same or very
similar to MacoNPV-90/2.
227GENOME SEQUENCE OF A SECOND SPECIES OF MacoNPV
MacoNPV-90/2, and in addition AcMNPV, SeMNPV, and
XecnGV representing Group I and II NPVs and GVs,
respectively.
Of the 168 MacoNPV-96B ORFs, 64 (Table 4) have
homologues that are conserved in all of the other 11
lepidopteran baculovirus genomes sequenced, including
the genomes of MacoNPV-90/2, AcMNPV, Bombyx mori
NPV (BmNPV), Orgyia pseudotsugata MNPV (OpMNPV),
Helicoverpa armigera single NPV (HearSNPV), LdMNPV,
Spodoptera littura NPV (SpltNPV), and SeMNPV and
three granuloviruses Cydia pomonella GV (CpGV),
PlxyGV, and XecnGV.
Recently, Luque et al. (2001) identified 63 genes com-
mon to all lepidopteran baculoviruses sequenced. All 63
of these genes are found in MacoNPV-96B, including two
copies of homologues of odv-e66 and Ac145. However,
the sod gene, which was listed as a gene common to
lepidopteran baculoviruses, has since been found to be
absent in SpltNPV (Pang et al., 2001). Therefore the
number of genes in common to all lepidopteran baculo-
viruses is reduced to 62. p24 (AcMNPV orf11) was re-
ported to exist in all baculovirus genomes to date, except
for LdMNPV (Kuzio et al., 1999). Interestingly, BLAST
search results revealed a region in LdMNPV genome
which is homologous to MacoNPV-96B p24 (aa113–229)
with 46% aa identity. The p24 homologous region of
LdMNPV overlaps LdMNPV orf134, but is not by defini-
tion a recognized ORF. This suggests that the LdMNPV
genome contained a functional p24 but the gene may
now be nonfunctional. Eight MacoNPV-96B ORFs were
found in all of the sequenced NPVs but not in GV ge-
nomes (Table 4). These NPV-specific genes include ho-
mologues of p87 (AcMNPV orf104) and arif-1 that are
associated with nucleocapsids and cellular actin rear-
rangement, respectively (Lu and Carstens, 1992; Ronca-
rati and Knebel-Morsdorf, 1997). They may contribute to
differences in viral morphology and infection between
NPVs and GVs. Three MacoNPV-96B ORFs, orf29, orf134,
and orf135, have homologues specific to Group II NPVs
(MacoNPV-90/2, SeMNPV, HearNPV, LdMNPV, and Splt-
NPV)(Table 4). None of the Group II NPV specific genes
have been characterized or show significant homology to
genes with known functions. Two ORFs, orf17 and orf59,
are unique to MacoNPV-96B and no homologues of
these genes were identified, either in other baculovi-
ruses or in the GenBank database.
MacoNPV-96B contained 17 genes known to be asso-
ciated with viral DNA replication (ie-1, lef-1, lef-2, lef-3,
DNApol, and hel) and early or late transcription (ie0, ie-1,
lef-1, lef-2, lef-3, lef-4, lef-5, lef-6, lef-8, lef-9, lef-10, lef-11,
39k, p47, DNApol, hel, and vlf-1) (Kool et al., 1995; Li et al.,
1999; Lu and Miller, 1995; Rapp et al., 1998). A number of
genes that have been shown to be required for optimal
AcMNPV late gene transcription were not found in
MacoNPV-96B, these include lef-7, lef-12, ie-2, and p35.
MacoNPV-96B does contain homologues of the DNA-
binding protein gene (dbp) (Mikhailov et al., 1998) and
the alkaline exonuclease gene (ae) (Li and Rohrmann,
2000), which are conserved in the lepidopteran baculo-
viruses. The products of dbp and ae have been shown to
be involved in viral DNA replication or transcription and
genome processing. In addition, MacoNPV-96B also con-
tains an ORF homologous to a second helicase gene,
hel-2, which has also been found in LdMNPV, XecnGV,
PlxyGV, and CpGV (Hashimoto et al., 2000; Hayakawa et
al., 1999; Kuzio et al., 1999; Luque et al., 2001).
MacoNPV-96B has homologues of genes that code for
known structural proteins that are conserved in all lepi-
dopteran baculoviruses. These include genes that code
FIG. 2. Restriction endonuclease profiles of MacoNPV isolates. Iso-
lates were recovered from the sites shown in Fig. 1. DNA was isolated
as described under Materials and Methods and 1 g DNA was di-
gested with HindIII and separated through a 0.6% agarose gel in 1
TBE buffer. The name of the isolate is given above each lane. M, marker
lane containing Lambda DNA digested with HindIII.
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for polyhedrin or granulin (polh/gran), the core protein
(p6.9), the main capsid protein (vp39, 91k, vp1054, and
p24), occluded virion envelope proteins (odv-e66, odvp-
6e/odv-e56, odv-e18, odv-e25, and odv-ec27) (Braunagel
et al., 1996a,b; Theilmann et al., 1996); budded virion
envelope protein (ld130); occluded virion associated pro-
tein (p74); tegument protein (gp41); as well as protein
kinase-1 (pk-1). VP1054 is required for nucleocapsid for-
mation (Olszewski and Miller, 1997). GP41 is associated
with BV production (Olszewski and Miller, 1997). P74 is
required for oral infectivity (Faulkner et al., 1997).
MacoNPV-96B orf8 is a homolog of ld130 and Se8, which
are known to be low pH-dependent envelope fusion
proteins (Pearson et al., 2000). MacoNPV-96B, similar to
other Group II NPVs, does not contain a homolog of the
well-characterized BV-specific baculovirus envelope fu-
sion protein gene gp64 (Blissard and Rohrmann, 1989;
Whitford et al., 1989). Homologues of gp64 have only
been found in AcMNPV, BmNPV, and OpMNPV and ap-
pear to be a Group I NPV specific gene (Ahrens et al.,
1997; Ayres et al., 1994; Gomi et al., 1999).
MacoNPV-96B also contains homologues of p10,
orf1629, p87(p80), pe, ptp, and vef that code for viral
structural components but are not found in all baculovi-
ruses. p10 homologs have been found in all baculovi-
ruses except for CpGV. It may be involved in the forma-
tion and stability of polyhedra and may influence cell
lysis late in infection (van Oers et al., 1993, 1994; Williams
et al., 1989). Orf1629 is associated with the basal end of
nucleocapsids and is essential for AcMNPV viability
(Kitts and Possee, 1993; Russell et al., 1997). It is found in
all baculoviruses except for PlxyGV (Hashimoto et al.,
2000). The vef gene product is a viral enhancing factor
that disrupts the peritrophic membrane of host insect
midguts, allowing virions access to the surface of gut
cells (Derksen and Granados, 1988). p87 and pe have
been found only in NPVs. P87 is a capsid protein found
both in BV and in ODV of AcMNPV (p80) and OpMNPV
(Lu and Carstens, 1992; Muller et al., 1990). The pe
product is an integral component of the polyhedron en-
velope (Gombart et al., 1989; Whitt and Manning, 1988).
Homologues of fgf, ubi, sod, iap, arif-1, and egt, all of
which may impact host metabolism, are also found in the
MacoNPV-96B genome. The ubiquitin gene, ubi, is the
TABLE 1
Virulence and Host Range Comparisons of MacoNPV-90/2 and 96B Isolates
Virus isolate LD50 PIBs/larva (95% CI) Slope (SE) X
2/df
(A) Lethal dose 50% (LD50) for virus isolates in droplet feeding assays with neonate Mamestra configurata larvae
MacoNPV-90/2 11.9 (8.6–15.6) 1.8 (0.24) 3.62/5
MacoNPV-96B 49.0 (34.8–68.4) 1.6 (0.23) 5.48/5
Virus isolate—LD50 PIBs/larva
MacoNPV-90/2 MacoNPV-96B
Insect host LD50 (95% CI) Slope (SE) X
2/df LD50 (95% CI) Slope (SE) X
2/df
(B) Comparative host range as measured by LD50 for virus isolates in diet plug feeding assay with 3rd instar larvae
of three noctuid species: Mamestra configurata, Trichoplusia ni, and Spodoptera exigua
S. exiguaa 10,000 NA NA 1250 (625–1720) 2.19 (0.4) 4.68/3
T. nib 1500 (910–2300) 0.98 (0.14) 4.30/5 770 (410–1250) 1.24 (0.16) 4.35/2
M. configuratac 1070 (620–1525) 0.96 (0.16) 4.66/3 1510 (975–2250) 0.99 (0.12) 4.25/2
a Five dose assay (100, 500, 1000, 5000, 10,000 PIBs/larva), N  12 larvae/dose; mortality assessed at 9 days postinfection when all control larvae
had pupated. Rearing temperature, 27°C.
b Four dose assay (100, 500, 2500, 12,500 PIBs/larva), N 100 larvae/dose; mortality assessed at 10 days postinfection. Rearing temperature, 25°C.
c Four dose assay (50, 250, 1250, 6250 PIBs/larva), N  100 larvae/dose; mortality assessed at 14 days postinfection. Rearing temperature, 21°C.
TABLE 2
Characteristics of Baculovirus Genomes
Virus
Size
(bp)
No.
ORFs
No.
h References
MacoNPV-96B 158,481 168 4
MacoNPV-90/2 155,060 169 4 Li et al. (2002)
SeMNPV 135,611 139 4 Ijkel et al. (1999)
HearSNPV 131,403 135 5 Chen et al. (2001)
LdMNPV 161,046 166 13 Kuzio et al. (1999)
SpltMNPV 139,342 141 17 Pang et al. (2001)
AcMNPV 133,894 155 9 Ayres et al. (1994)
BmNPV 128,413 143 7 Gomi et al. (1999)
OpMNPV 131,990 152 5 Ahrens et al. (1997)
XecnGV 178,733 181 9 Hayakawa et al. (1999)
PlxyGV 100,999 120 4 Hashimoto et al. (2000)
CpGV 123,500 143 Luque et al. 2001
CuniNPV 108,252 109 4 Afonso et al. (2001)
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most conserved MacoNPV-96B gene with an amino acid
identity of 76–93% compared to all other baculoviruses.
There are two homologues of the iap family in MacoNPV-
96B. Homologues of iap in CpGV and OpMNPV have
been shown to be capable of blocking apoptosis induced
by AcMNPV (Birnbaum et al., 1994; Crook et al., 1993).
MacoNPV-96B does not contain a homolog of AcMNPV
p35, an anti-apoptosis gene found in AcMNPV, BmNPV,
and SpltNPV (Du et al., 1999). arif-1 is involved in sequen-
tial rearrangement of the actin cytoskeleton and is found
only in NPVs (Roncarati and Knebel-Morsdorf, 1997). The
ecdysteroid UDP-glucosyltransferase gene egt (O’Reilly
and Miller, 1989) appears in all sequenced baculoviruses
except for XecnGV. fgf, ubi, and iap are conserved in
MacoNPV-96B and the other 11 baculoviruses.
MacoNPV-96B has seven homologous ORFs, which
have amino acid identity levels of between 18 and 52% to
the so-called baculovirus repeated open reading frame
(bro) genes (Kuzio et al., 1999). There are several addi-
tional MacoNPV-96B ORFs that also are repeated, in-
cluding two copies of odv-e66 (orf77 and 143), iap (orf109
and 138), p26 (orf108 and 157), orf38 and orf163, and
orf53 and orf117. In addition, orf14 and orf76 are homol-
ogous to the xe gene of Leucania separata NPV (Jin et al.,
1999). Amino acid identity level of these repeated ORFs
within the genome are as follows: :ODV-E66s, 36%; IAPs,
29%; ORF14/76, 33%; ORF38/163, 40%; ORF53/117, 29%;
ORF108/157, 21%.
The mosquito baculovirus CuniNPV is highly diverged
from the lepidopteran baculoviruses and comparison to
MacoNPV-96B did not reveal any significant differences
to the previously reported analysis (Afonso et al., 2001).
Comparison of MacoNPV-96B and MacoNPV-90/2
genomes
As shown in Table 2, MacoNPV-96B genome is 3422
bp larger that of MacoNPV-90/2, although MacoNPV-90/2
has one ORF more than MacoNPV-96B. There are 159
ORFs in common between the two viruses (see Table 3).
FIG. 3. Circular map of MacoNPV-96B genome showing the genomic organization and the location of all ORFs. The map position of the 168 selected
ORFs are represented by arrows indicating transcriptional direction and relative size. The numbers alongside the ORFs represent the number of each
ORF (see Table 2). The hr sequences and their position on the genome are indicated by black bars. The black arrows represent the ORFs homologous
to known proteins with specific functions. The empty arrows represent the ORFs that are uncharacterized and have no homology to proteins in the
current databases.
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Of the 159 ORFs in common, 76 ORFs vary in size with
differences of 1 to 87 amino acid residues. In addition, a
difference of note between these viruses includes the
MacoNPV-96B single orf47 that is homologous to both
MacoNPV-90/2 orf52 and orf53. This suggests that the
homologues of MacoNPV-90/2 orf52 and orf53 have
evolved into a fused gene in MacoNPV-96B.
Figure 4a shows the result of the Identity-GeneParity
analysis (as described under Materials and Methods) of
the MacoNPV-96B and MacoNPV-90/2 genomes, which
compares both the overall gene arrangement and the
homology between genes. It was shown that arrange-
ment of the 159 ORFs in common between these two
viruses was identical, but only MacoNPV-96B orf116 and
FIG. 4. Identity-GeneParityPlots of MacoNPV-96B vs MacoNPV-90/2 (A), and representative viruses from Group II NPVs, SeMNPV (B), Group I NPVs,
AcMNPV (C), and GVs, XecnGV (D). Amino acid identity levels (%) of individual homologous ORFs of MacoNPV-96B compared to other baculoviruses
are shown in various colors. ORFs unique to each virus are placed on the x-axis and y-axis, respectively (black diamonds). In (d), four clusters of genes
that maintain approximate colinearity between MacoNPV-96B and XecnGV genomes are highlighted. Cluster I includes MacoNPV-96B orf82–87/
XecnGV orf91–96, MacoNPV-96B orf91–95/XecnGV orf97–101, MacoNPV-96B orf97, 98/XecnGV orf110, 111, MacoNPV-96B orf100–/XecnGV orf118–123,
and MacoNPV-96B orf106/XecnGV orf127. Cluster II includes MacoNPV-96B orf109/XecnGV orf137, MacoNPV-96B orf111-114/XecnGV orf135–132, and
MacoNPV-96B orf115, 116/XecnGV orf126–96. Cluster III includes MacoNPV-96B orf161-163/XecnGV orf9–11 and MacoNPV-96B orf165-167/XecnGV
orf12–14. Cluster IV includes MacoNPV-96B orf54–58/XecnGV orf65, 64, 62, 61, and 60/131.
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MacoNPV-90/2 orf117 shared 100% sequence identity
(open circle). Analysis of the rest of the genome shows
that there has been considerable sequence divergence
over the whole genome. One hundred ORFs showed
90–99% aa sequence homology (red dots); 44 ORFs
showed 80–89% (blue) homology; 10 ORFs showed 70–
79% (green), and 4 ORFs showed 60–69% (yellow) aa
sequence homology. On average, the aa sequence iden-
tity level of the 159 ORFs in common between MacoNPV-
96B and MacoNPV-90/2 was 90%. Besides the 159 ORFs
in common, there were 19 ORFs showing no significant
sequence similarity between the two viruses, 9 unique to
MacoNPV-96B (x axis) and 10 unique to MacoNPV-90/2
(y-axis). Interestingly, all of the unique genes and the
ORFs with the greatest amino acid divergence between
these two viruses were confined to a region between
orf2 and orf64.
Figure 5 shows a detailed comparison of the genome
structures of MacoNPV-96B and MacoNPV-90/2 for the
first 27 and 32 ORFs, respectively. Within this region
there are three unique genes in MacoNPV-96B (orf17, 18,
and orf 26 (hel2)) and eight unique genes in MacoNPV-
90/2 (orf8, orf16 lef7, orf19, 20, 21(bro-a), orf23, orf28, and
orf31(bro-c)). It is interesting to note that for three of the
locations where there are differences there is an asso-
ciated bro gene either as part of, or adjacent to, the
inserted or deleted gene. Similarly a bro gene is also
associated with a 5.4-kb insert consisting of five ORFs
which are not homologous to MacoNPV-90/2 and have
high homology to XecnGV genes (Fig. 6). bro genes are
a family of ORFs with sequence homology to AcMNPV
orf2. Although they have been identified, frequently in
multiple copies, in a number of baculoviruses, data about
the function(s) of the bro genes are limited. In LdMNPV,
some of the bro genes are located in contiguous clusters
and two clusters are located near hrs (Kuzio et al., 1999).
A conserved single-stranded DNA-binding motif is com-
monly found in BRO proteins and BmNPV BRO proteins
have been shown to be associated with nucleoprotein
complexes in the nuclei of infected cells (Zemskov et al.,
2000). The comparison of genome structures between
MacoNPV-96B and MacoNPV-90/2 suggests that bro
genes are possibly involved by some mechanism in
recombination between genomes. Similar function has
been proposed for hrs, based on an observation that hrs
flanked regions of internal rearrangement and major
insertions and deletions between baculovirus genomes
(Hayakawa et al., 2000). It should be noted that hr1 flanks
the MacoNPV-90/2 lef7 gene, which is not present in
MacoNPV-96B (Fig. 5).
Like other baculoviruses and similar to MacoNPV-
90/2, MacoNPV-96B contains four hrs of 931-1735 bp in
length comprising 3.1% of the genome. The relative loca-
tions of the hr regions in genomes are identical between
MacoNPV-96B and MacoNPV-90/2. Each homologous
repeat unit of MacoNPV-96B hr regions also consists of
an imperfect palindrome and a variable region similar to
that described for MacoNPV-90/2 (Li et al., 2002). How-
ever, the numbers of the repeat units in each hr region
varied between the two viruses.
MacoNPV-96B and MacoNPV-90/2 represent two
separate species
MacoNPV-96B and MacoNPV-90/2 were isolated from
infected bertha armyworm at different locations in West-
ern Canada and during different outbreak cycles. Our
analysis showed that these two isolates differed signifi-
cantly in their biological properties (Table 1). MacoNPV-
96B was more virulent for a wider range of hosts,
whereas MacNPV-90/2 is more virulent for M. configu-
rata larvae. The sequence data have revealed major
differences between the two MacoNPV genome se-
quences. First, the MacoNPV-96B genome is 3422 bp
larger than that of MacoNPV-90/2, whereas MacoNPV-
90/2 has one ORF more than MacoNPV-96B. Second,
FIG. 5. Comparison of the genome structure of MacoNPV-96B orf7–orf27 and MacoNPV-90/2 orf7–orf32 region. The empty arrows represent
homologous ORFs between MacoNPV-96B and MacoNPV-90/2; the black arrows represent ORFs unique to each virus. The numbers above or under
the arrows represent the names of the ORFs in MacoNPV-96B and MacoNPV-90/2 genomes, respectively. The bro genes present in this region are
highlighted with the names boxed. The hr sequences associated with a variation region are expressed in a bar with stripped lines. The gray regions
indicate the sites where the insertions or deletions occurred.
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there are 19 ORFs which do not show any significant
sequence identity between these two viruses. Moreover,
there is remarkable divergence in amino acid sequence
between the 159 individual ORFs in common to the
viruses. Only a single ORF shows 100% sequence iden-
tity. The average amino acid identity level between the
homologues is 90%, compared to the aa identity level of
93% between the homologous ORFs of the closely re-
lated species, AcMNPV and BmNPV (Gomi et al., 1999).
In over one-third of the ORFs in common between Ma-
coNPV-96B and MacoNPV-90/2 aa identity levels are
below 90% (Fig. 5, Table 4). In addition, about half of the
homologous ORFs of MacoNPV-96B and MacoNPV-90/2
vary in size. These results therefore clearly show that
these two viruses have diverged significantly, and com-
bined with the biological differences, these data indicate
that MacoNPV-96B and MacoNPV-90/2 should be con-
sidered two separate but closely related species. It is
intriguing that these two viruses could evolve divergently
while infecting the same host. It is therefore likely that
there are alternate primary hosts for MacoNPV-96B
(which is more virulent for a wider range of hosts) and
infections in M. configurata may only be observed in
outbreak years of high population density. This would
permit the extensive divergence that is observed be-
tween MacoNPV-96B and MacoNPV-90/2.
Comparison of genome organization and gene
homology of MacoNPV-96B and other baculoviruses
In Figs. 4b, 4c, and 4d the MacoNPV genome organi-
zation and homology is compared to representative vi-
FIG. 6. Relation of the 5.4-kb MacoNPV-96B region with MacoNPV-90/2, SeMNPV, and XecnGV genomes. The gray arrows represent homologous
sequences between MacoNPV-96B, MacoNPV-90/2, and SeMNPV. The black arrows represent homologous sequences between MacoNPV-96B and
MacoNPV-90/2. The open arrows represent homologous sequences between MacoNPV-96B and XecnGV. The arrows filled with striped lines
represent homologous sequences between MacoNPV-96B orf58, XecnGV orf60, and orf131; the stippled arrows represent homologous sequences
between MacoNPV-96B orf 58 and XecnGV orf131. The XecnGV orf60 arrow filled with vertical lines represents the 3 half of this gene that is
nonhomologous to either MacoNPV-96B orf58 or XecnGV orf60. The arrows filled with dots represent the XecnGV sequences within the orf65–60
region, for which there is no homologous sequence in the 5.4-kb MacoNPV-96B region. 5 and 3 show the location of the junction regions described
in (b). (b) MacoNPV-96B sequences in the junction regions of the 5.4-kb insert. Sequences shown in lower case are homologous to MacoNPV-90/2
or XecnGV as indicated. Repeated sequences are shown in bold; the AATCTA repeat sequences at the 5 and 3 end of the junction region are
underlined. The second repeated sequence ATCATA is separated by slashes.
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ruses from Group II, Group I, and GV genomes. Compar-
ison with the second Group II NPV, SeMNPV, shows that
it is similar to MacoNPV-96B in gene arrangement and
content, as was observed with MacoNPV-90/2. However
the average similarity of individual genes has dropped
considerably with only two genes, ubi and polh, having
over 90% identity. Most ORFs in common have homology
levels of between 50 and 70% identity. In addition, there
are more unique genes (13 ORFs are unique to SeMNPV
(y-axis) and 41 ORFs are unique to MacoNPV-96B
(x-axis)). There is one inversion of a cluster of four ORFs
(SeMNPV orf13–16/MacoNPV-96B orf31–28) and reloca-
tion of three ORFs (SeMNPV orf19, 21, and 68/MacoNPV-
96B orf19, 21, and 38).
In gene content, arrangement, and homology level,
MacoNPV-96B is significantly distant to the Group I NPV
AcMNPV (compare Figs. 4a, 4b, and 4c). There are 50
ORFs unique to AcMNPV and 55 ORFs unique to
MacoNPV-96B and these genes are distributed through-
out the genomes. Amino acid sequence identities of
most ORFs in common between MacoNPV-96B and Ac-
MNPV are below 50%. The variation in gene content and
arrangement mainly occurs within the region corre-
sponding to the first 80 ORFs of MacoNPV-96B. Similar
results were observed when MacoNPV-96B genome was
compared with the other two Group I NPVs, BmNPV and
OpMNPV (data not shown). The group of homologous
ORFs from MacoNPV-96B 78 to 156 are approximately
colinear with the AcMNPV ORFs 65 to 110 but the direc-
tion of the diagonal indicates this region relative to each
other is inverted.
One of the most interesting Identity-GeneParityPlot
analyses is the comparison between MacoNPV-96B and
the granulovirus XecnGV. It is immediately apparent that
there is very low gene homology and little conservation
of gene order, and an extensive number of genes are
unique to each virus. Relative to each other MacoNPV-
96B and XecnGV contain 67 and 87 unique genes, re-
spectively, and have only 101 genes in common. Amino
acid sequence identities of most ORFs in common are
below 40%. There are four clusters of genes (Fig. 4d, I, II,
III, IV) that maintain approximate colinearity. The colinear
relationship of these genes is also maintained with the
Group I NPVs (Fig. 4c), suggesting that there may be
constraints on these genes and their relative gene order.
The overall homology between MacoNPV-96B and
XecnGV proteins is less than 50% on average. However,
the genes in cluster IV show over 90% identity between
the viruses (Fig. 4d, circled area), suggesting this partic-
ular group of genes in MacoNPV-96B is very closely
related to XecnGV. Interestingly this cluster is not present
in MacoNPV-90/2. These results strongly suggest that
there has been a very recent recombination event be-
tween MacoNPV-96B and XecnGV or a close relative
(see below).
Comparison with other baculoviruses for which the
genomes have not been completely sequenced identi-
fied someMamestra brassicaeMNPV (MbMNPV) genes,
which are highly homologous to ORFs of MacoNPV-96B.
To date, sequences from four fragments of the MbMNPV
genome consisting of 2598, 1891, 1781, and 1989 bp
(Cameron and Possee, 1989; Clarke et al., 1996; Phanis
et al., 1999) are available in GenBank. Alignment of the
MbMNPV sequences with corresponding MacoNPV-96B
sequences showed 99% nucleotide acid sequence iden-
tity and 95–100% amino acid sequence identity, signifi-
cantly higher than the identity levels of nucleotide and
amino acid sequences between MacoNPV-96B and
MacoNPV-90/2 (Table 5). This suggests that MbMNPV is
a variant of MacoNPV-96B, a possibility supported by the
TABLE 5
Homology of Partial Genome Sequence between MacoNPV-96B, MacoNPV-90/2, and MbMNPV
Homologous sequences
MacoNPV-96B MacoNPV-90/2 MbMNPV
Gene
name nt sequence ORF nt sequence
% nt
identity ORF
% aa
identity nt sequence
% nt
identity
% aa
identity
157,658–1806 154,238–1641 77.9 F25891 98.2
rr-1 ORF167 ORF169 93 97
polh ORF1 ORF1 97 99
orf1629 ORF2 ORF2 73 96
31,174–34,839 33,256–36,879 91 F1891–F1781 99.6
38.7k ORF31 ORF36 93 100
gp37 ORF32 ORF37 95 99
ptp ORF33 ORF38 92 98
egt ORF34 ORF39 94 95
108,713–110,597 126,282–108,164 91.5 F1886 99.3
ORF114 ORF114 94 99
1 Fragment size.
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fact that both MacoNPV-96B and MbMNPV infect M.
configurata (Erlandson, 1990). As MbMNPV is common
in Europe, it is possible that MacoNPV-96B-like viruses
may be found worldwide.
A 5.4-kb insert in MacoNPV-96B genome sharing high
homology with a cluster of XecnGV ORFs
Figure 6 shows a detailed analysis of the MacoNPV-
96B-XecnGV gene cluster IV (Fig. 4d) region. The 5.4-kb
region of MacoNPV-96B comprises orf54, 55, 56, 57, and
58, which are homologous to XecnGV orf65, 64, 62, 61,
and 60/131 with 98, 98, 93, 98, and 76/85% aa identity,
respectively (Table 3). As shown in Fig. 6a, comparison of
MacoNPV-96B with the genomes of SeMNPV, MacoNPV-
90/2, and XecnGV suggests a possible series of recom-
binant events that may have led to the insertion of the
XecnGV sequences into the MacoNPV-96B genome.
Comparison with SeMNPV suggests that initially
MacoNPV-90/2 orf59 (black arrow) inserted between
SeMNPV orf45 and orf46. In MacoNPV-96B nucleotide
sequences homologous to MacoNPV-90/2 orf59 (black
arrow) are found in orf54, orf59, and orf60 (black arrow
and bar) flanking the 5.4-kb region, indicating that
MacoNPV-90/2 orf59 was split by an insertion event. This
insertion event was likely a recombination with the Xec-
nGV bro gene, orf131, as it is most closely related to
MacoNPV-96B orf58 (bro-b). The 5 half of the XecnGV
orf131 is also highly homologous (over 90% nucleotide
identity (Hayakawa et al., 1999)) to the 5 end of XecnGV
orf60, which is also a bro gene. However, the sequences
at the 3 ends of these two bro genes share very low
homology. Therefore the highly homologous 5 regions of
MacoNPV-96B orf58 and XecnGV orf60 would provide an
excellent site for recombination between these two vi-
ruses, resulting in the insertion of the very large cluster
of XecnGV genes (orf61 to orf65).
Examination of the sequences at the junction regions
between the 5.4-kb insert and the flanking parts of
MacoNPV-96B genome identified two 6-bp repeated se-
quences, AATCTA and ATCATA, at both ends of the 5.4-kb
insert (Fig. 6b). AATCTA flanks the 5.4-kb insert at the 5
end in sequences homologous to MacoNPV-90/2 and at
the 3 junction in sequences unique to MacoNPV-96B.
Three copies of the ATCATA repeat are located in the 5
MacoNPV-96B unique sequences and two copies are
found at the 3 junction in the MacoNPV-96B unique
region and one in the sequences homologous to
MacoNPV-90/2. In view of their location at the junctions
of this region, these repeated sequences may have
played a role in introducing the 5.4-kb insert into
MacoNPV-96B genome. As previously reported, the
MacoNPV-90/2 genome contains a number of genes that
have low homology to genes previously reported to be
unique to XecnGV (Li et al., 2002), suggesting that in
evolutionary terms there have been continuous recom-
binant events between these two viruses. For recombi-
nation to occur between MacoNPV-96B and XecnGV,
these two viruses have to be coinfecting the same host
at the same time. This suggests that the two viruses
must be present in the same location on a common host
plant. Without considering other potential hosts we ex-
amined reports of the distribution of the hosts M. con-
figurata and Xestia c-nigrum. Interestingly, Landolt (2000)
have reported both of these caterpillars being identified
in Yakima, Washington feeding on at least two common
host plants, potato and lamb’s quarters. It is therefore
possible that infected individuals could be present on the
same host plant, providing the opportunity for coinfection
of either species with both viruses from contaminated
plant material. As shown in Fig. 1, MacoNPV-96B was
isolated from M. configurata populations in southern
Alberta, which is about 900 km from Yakima. The genome
data have therefore, unexpectedly, suggested that Ma-
coNPV-96B may be infectious for X. c-nigrum, and in
addition, provides an insight into the gene flow that may
be naturally occurring in field populations of baculovi-
ruses. This would be the first example of natural recom-
bination between species of the two baculovirus genera
NPV and GV.
CONCLUSIONS
In this study as part of goal to understand the role of
baculoviruses in the ecology and control of the bertha
armyworm, we have sequenced a second isolate,
MacoNPV-96B, that was identified due to its different
restriction enzyme profile and biological properties. The
sequence data have revealed that these viruses are
highly diverged and represent two separate species.
Therefore to differentiate between the archetype virus
MacoNPV-90/2 (Li et al., 2002) and MacoNPV-96B, we
propose to name them MacoNPV-A and MacoNPV-B,
respectively.
MATERIALS AND METHODS
Insects, virus purification, and viral DNA preparation
Larvae from a laboratory culture of M. configurata
were maintained on a semisynthetic diet (Bucher and
Bracken, 1976) at 21°C, 60% relative humidity, and 18:6
light/dark photoperiod. Stocks of MacoNPV were pro-
duced by infection of fourth-instar bertha armyworm lar-
vae by contamination of the diet with 1.4  104 occlusion
bodies (OB)/cm2 of diet surface. Virus production and OB
isolation, virion purification, and viral DNA extraction
essentially followed previously described methods (Er-
landson, 1990; Li et al., 1997).
Restriction endonuclease analysis of viral DNA
Restriction endonuclease analysis of viral DNA was
performed as described previously (Li et al., 1997).
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Briefly, purified DNA of MacoNPV-96B and MacoNPV-
90/2 were digested with EcoRI and HindIII at 37°C for 2
to 3 h and then electrophoresed through 0.8 or 0.6%
agarose in 0.5 TBE (45 mM Tris–borate, 1 mM EDTA) at
50 V for 15–22 h to separate the fragments. Gels were
stained with ethidium bromide and photographed.
Bioassays
Neonate bertha armyworm larvae were exposed to
MacoNPV isolates using a feeding droplet bioassay with
five virus doses and 100 larvae per dose as previously
described (Erlandson, 1990). The preliminary host range
bioassays were carried out with third-instar S. exigua,
T. ni, and M. configurata larvae using an artificial diet
plug treated with one of four to five doses of MacoNPV
PIBs. Those larvae completely consuming the treated
diet plug during a 12 h exposure period were included in
the assay and were transferred to untreated artificial diet
and incubated at the appropriate temperature with fresh
diet added as needed during the duration of the bioassay.
DNA sequencing and sequence analysis
The MacoNPV-96B genome was sequenced using a
shotgun approach. The viral DNA was sheared, by son-
ication, into fragments of about 1.0–6.0 kb. The ends of
the fragments were polished with T4 DNA polymerase
(Life Technologies Inc.). The DNA fragments were frac-
tionated by agarose gel electrophoresis and cloned into
the HindII site of pBS (Stratagene). Following transfor-
mation of competent Escherichia coli DH5a cells with the
recombinant plasmids containing the viral fragments,
recombinant clones were picked randomly and used for
preparation of template DNA for sequencing. The indi-
vidual viral DNA fragments were sequenced from both
ends using universal T7 and T3 or M13 primers. When
required, selected regions of the genome were se-
quenced using “sequence walking” with custom synthe-
sized primers. For each sequencing reaction, approxi-
mately 200 ng plasmid DNA was subjected to
dideoxynucleotide chain termination sequencing using
an ABI Prizm BigDye terminator Cycle Sequencing Kit
and resolved with an ABI 377 DNA Sequencer (PE Bio-
systems). Finally, 1812 sequence runs with 500–600 read-
able bases were assembled into 18 contigs using Se-
quencer 4.0 software (Gene Codes Corp.). PCR was
performed to synthesize DNA fragments overlapping
gaps between contigs using MacoNPV-96B genome
DNA as template. The PCR products were sequenced
from both ends. The sequences were then assembled
with the initial contigs into a single circular contig. If
polymorphisms were detected between individual
clones, the consensus based on the majority of bases
was used. The generated sequences were analyzed with
Wisconsin Genetics Computer Group programs (De-
vereux et al., 1984) and GeneWork 2.3 (IntelliGenetics,
Inc.). Homology searches were carried out with the up-
dated GenBank/EMBL, SWISSPROT, and PIR databases
via the NCBI nucleotide and protein database using the
BLAST algorithm (Altschul and Lipman, 1990).
Identity-GeneParityPlot analysis
Gene arrangement in several baculoviruses have pre-
viously been compared using a GeneParityPlot approach
(Chen et al., 2000; Hashimoto et al., 2000; Hu et al., 1998;
Ijkel et al., 1999), in which the x-axis is used to represent
the gene order of one virus, and the y-axis is used to
represent the gene order in a second virus. Dots are
used to represent the relative locations of equivalent
individual genes in both viruses. If arrangement of all
genes in the two viruses is identical, a single diagonal
line is obtained; if gene arrangement in the two viruses
diverges significantly, dots no longer fall on a diagonal
line. We have developed a modified Identity-GeneParity-
Plot approach that uses various colors to represent ho-
mology levels between individual genes of the two vi-
ruses. This Identity-GeneParityPlot approach provides a
second level of information for the analysis of whole
genomes not only comparing gene arrangement but also
homology levels of individual genes. The Identity-Gene-
ParityPlot was used for whole genome comparison to
show relative locations of individual genes of MacoNPV-
96B vs MacoNPV-90/2, SeMNPV, AcMNPV, and XecnGV.
For each genome the polyhedrin gene was called ORF 1
with the remaining ORFs continuing from the 3 end of
the polyhedrin gene. The corresponding dot for each
gene pair was color-coded according to the percentage
of amino acid identity.
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